The mosquito's body temperature increases dramatically when it takes a blood meal from a warm-blooded, vertebrate host. By using the yellow fever mosquito, Aedes aegypti, we demonstrate that this boost in temperature following a blood meal prompts the synthesis of heat shock protein 70 (Hsp70). This response, elicited by the temperature of the blood meal, is most robust in the mosquito's midgut. When RNA interference is used to suppress expression of hsp70, protein digestion of the blood meal is impaired, leading to production of fewer eggs. We propose that Hsp70 protects the mosquito midgut from the temperature stress incurred by drinking a hot blood meal. Similar increases in hsp70 were documented immediately after blood feeding in two other mosquitoes (Culex pipiens and Anopheles gambiae) and the bed bug, Cimex lectularius, suggesting that this is a common protective response in blood-feeding arthropods.
T he evolution of blood feeding in arthropods is well recognized as an adaptation fraught with challenges in finding hosts, avoiding host detection, mechanically penetrating the vertebrate skin, and then avoiding the host immune response to use the highly specialized, albeit protein-rich, food source (1) . Imbibing a huge blood meal also quickly generates osmotic stress that requires an efficient excretory system for rapid removal of excess water (2) (3) (4) (5) . However, one overlooked challenge of feeding on mammalian blood is the high temperature of the blood that rushes into the gut. Mosquitoes and other bloodfeeding ectotherms are vulnerable to stress caused by swings in environmental temperature, thus raising the possibility that ingestion of a hot blood meal may cause stress that must be ameliorated to accommodate this lifestyle.
Heat shock elicits diverse behavioral, biochemical, and physiological responses in insects (6, 7) . The most conspicuous molecular response is a rapid increase in abundance of heat shock proteins (Hsps), proteins that primarily function as molecular chaperones, preserving the function of enzymes and other critical proteins (6) . At least 12 Hsps increase in abundance following exposure to high temperature, and of these, Hsp70 is the most widely studied as a responder to heat and numerous other stresses (6, 8, 9) . As with nearly all organisms, mosquito Hsp70s have been documented to increase during environmental stress (8, 10) , and recent microarray studies have identified several hsp genes among the multitude of genes showing higher expression following a blood meal (11) (12) (13) . This suggests that the heat shock response may be triggered by blood feeding. We test that idea in this study by documenting a huge and rapid elevation in body temperature of the yellow fever mosquito in response to blood feeding and demonstrate that a successful Hsp response is essential for processing the blood meal and for subsequent egg production.
Results and Discussion
Upon imbibing blood, body temperature of the female mosquito quickly spiked (Fig. 1) . Body temperature on the surface of the mosquitoes increased from 22 to 32°C within 1 min, a rate increase of 0.167°C/s. We observed similar temperature changes in response to blood feeding in two other mosquitoes, Culex pipiens and Anopheles gambiae, and in the bed bug, Cimex lectularius (Fig. S1 ). Increases of this magnitude are among the most rapid rate increases documented for any ectotherm (14) . At the cessation of feeding, body temperature again decreased to ambient levels within the course of a few minutes.
Temperature changes of similar magnitude (10-15°C) occur on a daily basis, especially during the transition from night to day, but these diurnal changes occur much more slowly and enable insects to gradually adjust their physiological state to accommodate the change (15) . Rapid temperature changes such as we documented in response to blood feeding rarely are observed in nature. Perhaps the rate increases most similar to what we have observed in response to blood feeding are the increases noted when a dark-colored insect is immediately thrust into direct sunlight (16) . Exposure to direct sunlight can yield temperature increases of 0.04 to 0.23°C/s, a rate similar to what we observed in this study of blood-feeding insects (0.07-0.167°C/s).
In response to blood feeding, Hsp70 levels increased nearly eightfold within 1 h and remained at least twofold higher than the prefeeding levels for 12 h (Fig. 2) . A similar elevation of the hsp70 transcript was noted in Aedes aegypti (Fig. S2) , as well as in the mosquitoes A. gambiae and C. pipiens, and the bedbug C. lectularius, following a blood meal (Fig. S2 ). The Hsp70 increase was most pronounced in the midgut (Fig. 3) . Injection of females with 1 μL host-temperature (37°C) saline solution resulted in an increase in Hsp70, whereas an injection of room-temperature (25°C) saline solution did not, suggesting that it is elevation in temperature, rather than increase in body volume, that is the likely cause of the increase in Hsp70 (Fig. 4A) . To eliminate the possibility that some component of the blood, rather than blood temperature, was eliciting the effect, we enticed mosquitoes to feed on somewhat cooler blood (29°C), and as shown in Fig. 4B , the Hsp70 level in A. aegypti was not significantly elevated by a "cool" blood meal. Thus, we conclude it is the high temperature of the blood that is responsible for the increase of Hsp70. That the heat shock response is evoked by blood feeding in diverse species of insect disease vectors indicates that this is a common response to blood feeding, an observation congruent with microarray and transcriptome studies documenting an increase in Hsp transcripts following blood feeding in the biting midge, Culicoides sonorensis (17), the American dog tick, Dermacentor variabilis (18), A. aegypti (11), and A. gambiae (12, 19, 20) .
Although our temperature records are based on whole body recordings, the tissue in direct contact with the blood, the midgut, would likely experience the most profound effect, and our experiments comparing Hsp70 abundance in several different tissues support the idea that the heat shock response is most robust in the midgut (Fig. 3) . Previous studies in Drosophila also suggest that the midgut is especially responsive to heat as demonstrated by pronounced hsp70 expression in the fly midgut (6, 21) .
RNA interference suppressed abundance of Hsp70 and its transcript by at least 75% (Fig. S3) . In such mosquitoes, the amount of blood ingested was not reduced (Fig. S4) , but blood protein levels within the midgut remained elevated for a longer time in flies after Hsp70 suppression, indicating that protein digestion was impaired (Fig. 5A) . Egg production was also reduced 25% following knockdown of Hsp70 (Fig. 5B) , whereas injection of controls (dshsp90 and dsβ-gal) had no effect. This provides evidence that the Hsp response is essential for successful processing of the blood meal. When Hsps are suppressed, mechanisms for tolerance to heat (22) , cold (23, 24) , and dehydration (10) are compromised. In similar fashion, suppression of Hsp70 during blood feeding indicates that Hsp70 is critical for successful processing of a hot blood meal. Most likely, cells of the midgut are protected or the function of proteolytic enzymes is preserved from potential temperature damage from the blood meal by the expression of Hsp70. We cannot currently say if the impaired digestion and egg production are a result of reduced digestion efficiency or a slower rate of nutrient uptake from the midgut. It is interesting to note that the ability to up-regulate hsp70 declines with age of the female (20) , perhaps resulting in impairment of cellular repair mechanisms (6) . Coincidently, mosquito fecundity decreases with female age (25) , suggesting a possible interplay between the capacity for Hsp70 production, aging, and egg production. We suspect that the Hsp response we have observed is most prominent in arthropods that feed on warm-blooded vertebrate hosts. The need for such a response would be less apparent in other blood-feeding arthropods that feed on blood from ectothermic vertebrates, such as frogs and lizards (26) (27) (28) .
In summary, these results indicate that a hot blood meal evokes a heat shock response that protects mosquitoes and other blood-feeding insects against the high temperature stress of feeding on a warm-blooded host. The importance of this response suggests yet another pathway that could be targeted for disruption in disease vectors. Values presented as mean ± SE, n = 3. *Significant difference after blood feeding at P < 0.01. Fig. 4 . Hsp70 protein levels (A) 2 h following injection of 25°C or 37°C (host temperature) PBS solution (mean ± SE, n = 5) and (B) after feeding on 29°C blood (mean ± SE, n = 3). *Significant at P < 0.01.
Methods
Insects, Samples, and Experimental Conditions. A. gambiae, A. aegypti, and C. pipiens were reared as described, using chickens as hosts for the blood meal (10, 29) . Body temperature of chickens used in the study was 39°C to 42°C. Intrathoracic injection of PBS solution was accomplished by immobilizing mosquitoes with CO 2 and injecting control mosquitoes with room temperature (25°C) PBS solution and experimental mosquitoes with host temperature (37°C) PBS solution. In addition to mosquitoes that were host fed on chickens, a subset of mosquitoes were provided chicken blood through a membrane that was held at 29°C by using a circulating water bath. TRIzol extraction was used to collect RNA and protein. Each sample was replicated at least three times.
Temperature of Blood Feeding. To determine temperature changes in the mosquito during blood feeding, a thermocouple (Fisher) was attached to the mosquito using petrolatum, and mosquitoes were placed onto the surface of the host. Temperatures of 10 females of A. aegypti were monitored during feeding with a HHM290 thermometer (Omega). Similar experiments were conducted using females of two other mosquito species, A. gambiae and C. pipiens, and the bed bug, C. lectularius.
Northern and Western Blot Analyses. RNA and protein were extracted from groups of 10 female mosquitoes using TRIzol reagent (Invitrogen). Northern blots were conducted according to Benoit et al. (10) . Hsp70 and tubulin antibodies were acquired from Santa Cruz Biotechnology and used at a concentration of 1/4,000. Equal volumes of protein from three females were combined for each time point, and Western blots were conducted according to standard protocols. Densitometry measurements were conducted using ImageJ (version 1.38x; National Institutes of Health).
dsRNA Preparation and Application. Hsp70, Hsp90, and β-gal dsRNA were prepared using a MEGAscript T7 transcription kit (Ambion) and applied to the mosquitoes according to Sim and Denlinger (30) and Benoit et al. (10) . Mosquitoes were injected with approximately 1 μg dsRNA dissolved in 1 μL of PBS solution and held at 90% RH with access to 10% sucrose during recovery. After 4 d, dsRNA-treated mosquitoes were offered a blood meal. RNA and protein levels were determined 2 h after blood feeding. Each experiment was replicated five times by using 10 mosquitoes each from different mosquito pools.
Efficiency of Digestion. Midgut protein levels were determined by the Bradford assay (Bio-Rad) to assess the rate of digestion. Midguts were dissected from female mosquitoes at various intervals after blood feeding and stored at −70°C until analysis, and protein was extracted as before. Five midguts were analyzed for each time point.
Blood Meal Mass. Thirty mosquitoes were chilled and weighed individually with an Electrobalance (Cahn 35; Ventron) before and after taking a blood meal. Mass of blood ingested was calculated as the difference in mass before and after feeding.
Egg Production. To conform to standard methods, egg production was assessed according to Harrington et al. (31) . Briefly, females were forced to retain their eggs by not being provided an oviposition substrate. Five days after blood feeding, ovaries were dissected in Coast solution containing (in mM) 100 NaCl, 8. 
